Background and objectives Although a peritoneal equilibration test yields data on three parameters (4-hour dialysate/plasma creatinine, 4-to 0-hour dialysate glucose, and 4-hour ultrafiltration volume), all studies have focused on the prognostic value of dialysate/plasma creatinine for patients undergoing peritoneal dialysis. Because dialysate 4-to 0-hour glucose and ultrafiltration volume may be superior in predicting daily ultrafiltration, the likely mechanism for the association of peritoneal equilibration test results with outcomes, we hypothesized that they are superior to dialysate/plasma creatinine for risk prediction.
Introduction
Patients treated with peritoneal dialysis (PD) generally undergo a peritoneal equilibration test (PET) to characterize the rate of transfer of solute and water across the peritoneal barrier (1) . The test yields three parameters-4-hour dialysate to plasma ratio of creatinine (D/P creatinine), 4-to 0-hour dialysate glucose ratio (D/D0 glucose), and 4-hour ultrafiltration volume (UFV) (1) . Although the results of the PET can help optimize solute clearances, they are more often used to individualize PD prescriptions to maximize daily peritoneal ultrafiltration (2, 3) . Indeed, the higher risk for death or transfer to hemodialysis in individuals with faster solute transfer rate is thought to result from volume overload from challenges with fluid removal with continuous ambulatory PD in such patients (4) .
Although the superiority of D/P creatinine over D/D0 glucose or UFV for risk prediction has never been established, it is the parameter used almost exclusively for these purposes (5) (6) (7) (8) (9) (10) . The utility of PET in optimizing PD prescription is primarily related to prediction of daily ultrafiltration; however, D/P creatinine is only modestly related to UFV (11, 12) . Given the importance of maintaining an osmotic gradient to ensure adequate ultrafiltration, D/D0 glucose may be a stronger predictor of daily UFV and hence, patient prognosis (13) . Furthermore, it could be posited that a direct estimation of UFV during the PET may provide even better risk prediction than D/P creatinine or D/D0 glucose. However, this premise has never been tested. The inability of some recent studies to show an association between PET parameters and patient outcomes may have been secondary to the use of a potentially insensitive marker of peritoneal ultrafiltration: D/P creatinine (9, (14) (15) (16) .
We undertook this study to test the hypothesis that D/D0 glucose and UFV from the PET are superior to D/P creatinine in identifying patients at higher risk for adverse outcomes.
Materials and Methods

Study Population and Data Source
This observational cohort study comprised all patients who started maintenance dialysis in calendar years 2007-2011 with follow-up through December 31, 2011 and underwent a PET with 2.5% dextrose within 6 months of start of PD in one of the facilities operated by a large dialysis organization (Figure 1 ). The characteristics of patients included in the analysis compared with those excluded are summarized in Supplemental Table 1 . All data were obtained from electronic records at the dialysis organization.
A standard PET was performed; dialysate samples were collected at times 0, 120, and 240 minutes, and a blood sample was collected at 120 minutes. All blood and dialysate samples were shipped to a central laboratory in Deland, Florida and analyzed within 24 hours. Dialysate concentration of creatinine was corrected for interference with glucose in the effluent. The D/P creatinine was calculated as the ratio of the dialysate concentration of creatinine at 240 minutes to the serum concentration, the D/D0 glucose was calculated as the ratio of dialysate concentration of glucose at 240 minutes to time 0, and the UFV was calculated as the difference between the 4-hour drain and instillation volumes. Only results within the following ranges were included: D/P creatinine, 0.30-1.15; D/D0 glucose, 0.00-1.00; and 4-hour drain volume, 2500-4000 ml; they comprised .99% of results. Of 10,142 patients, data on D/D0 glucose were not available for 408 (4%) patients, and data on UFV were not available for 269 (3%) patients.
Patients were assigned as treated with continuous ambulatory or automated PD (APD) at any point of time if they performed the therapy for at least 60 consecutive days. The entire follow-up period of each patient was divided into 91-day periods starting with the date of first dialysis, and each such 91-day period was assigned the modality used for at least 45 days of that period. The initial modality (continuous ambulatory or automated PD) was the therapy assigned for the first 91-day period when the modality was PD. Patients were assigned to the ever-treated group with APD if this submodality was assigned for at least one 91-day period on follow-up.
All other laboratory tests were also performed in a single central laboratory, and the results of all tests within each 3-month period starting from the date of first dialysis were averaged. Similarly, summary values of each parenteral medication were computed for every 3-month period. Data on sex, cause of ESRD, and laboratory parameters were missing for ,1%, data on total weekly Kt/V urea in the first 91-day period were missing for 12%, and data on geographic location were missing for 3%.
Statistical Analyses
Data are presented as means 6 SDs, medians with interquartile ranges, or proportions as appropriate. Correlations between PET parameters were examined using Pearson's correlation coefficient. Patients were divided into three groups (low/slow, average, and high/fast) using each one of three PET parameters, with individuals with values .1 SD below or above the mean assigned as slow and fast groups, respectively, and individuals with values within 1 SD of the mean assigned as the average group (D/P creatinine: slow, #0.52; average, 0.53-0.77; fast, $0.78; D/D0 glucose: slow, $0.50; average, 0.31-0.49; fast, #0.30; UFV: slow, $540 ml; average, 30-530 ml; fast #25 ml). Linear regression analysis was used to determine the variability in each PET parameter explained by demographic and clinical variables.
The association of PET parameters was examined for three separate outcomes-death, transfer from PD to another dialysis modality (technique failure), and hospitalization rate. Follow-up began on the day of first treatment with PD, and patients were censored at death, transfer to another dialysis modality, kidney transplantation, or transfer to a facility operated by another dialysis provider. All models were fit to imputed data, and point estimates were determined using Rubin's rules (17) . Cox proportional hazards model was used to determine the risk for death or technique failure associated with 0.1 unit higher D/P creatinine, 0.1 unit lower D/D0 glucose, and 250 ml lower UFV using two different levels of adjustment: (1) unadjusted and (2) adjusted for demographics (age, sex, race, health insurance, geographic region, and year of incidence), case mix (cause of ESRD, previous transplant, previous treatment with hemodialysis, and presence of diabetes, hypertension, congestive heart failure, atherosclerotic heart disease, other cardiovascular disease, or dyslipidemia), residual kidney function (mean of 24-hour urinary urea and creatinine clearances), and PD-related variables (peritoneal Kt/V urea and initial or ever treatment with APD). Unadjusted and adjusted Poisson regression analyses were used to test the association of each parameter with hospitalization rate. Additionally, for all three outcomes, we tested if the association of any PET parameter with the outcomes was affected by (1) center experience defined as the cumulative number of 91-day periods of treatment with PD in the facility for all patients who initiated dialysis between 2007 and 2011, (2) treatment with APD at the time of initiation of PD, or (3) treatment with APD at any follow-up period. This was determined by including a multiplicative interaction term in statistical models, and it was deemed to vary by exposure if the P value for the interaction term was ,0.05. Restricted cubic splines with three knots were constructed to explore nonlinear trends for the association of PET parameters with outcomes.
Sensitivity analysis was done to assess the consistency of associations by fitting a Cox proportional hazards or Poisson regression model for each of three outcomes by ranking patients on the basis of their percentile rank for each parameter and test association with each percentile higher variable.
The strength of association of each parameter with each of three outcomes was compared using a modification of the approach suggested by Lin et al. (18) . For each pairwise comparison, two records were created for each patientone for each PET parameter-and all other covariates were held constant. Cox proportional hazards model, stratified on the record indicator, was used with robust variancecovariance estimation and clustering on the identification numbers of the individuals. The coefficients of the two PET parameters were tested for equality using a Wald test. The significance of change in likelihood ratios was used to determine if the addition of D/D0 glucose, UFV, or both improved the risk prediction of the baselineadjusted model for the association of D/P creatinine with outcomes.
All analyses were performed using SAS, version 9.3 (SAS Institute Inc., Cary, NC), and splines were constructed using Stata, version 13 (StatCorp LP, College Station, TX).
Results
Study Population and PET Characteristics
Of 162,664 patients who started maintenance dialysis between January 1, 2007 and December 31, 2011 and were treated in DaVita facilities, 18,277 patients underwent PD for at least 60 days. Of these, 10,142 individuals treated in 764 facilities had a PET with 2.5% dextrose within 6 months of the start of PD and comprised the analytic cohort ( Figure  1 ). The summary statistics for data from the PET are summarized in Supplemental Table 2 . The test was performed at a median of 39 days from the start of PD, and the mean D/P creatinine, D/D0 glucose, and UFV were 0.6560.12, 0.4060.09, and 2816254 ml, respectively. There was a strong inverse correlation between D/P creatinine and D/D0 glucose (r=20.84; P,0.001) but a modest correlation between these parameters and UFV (D/P creatinine and UFV, r=20.34; D/D0 glucose and UFV, r=0.33; both P,0.001) ( Figure 2 ). Given the strong correlation between D/P creatinine and D/D0 glucose, the primary comparisons were limited to D/P creatinine and UFV.
Demographic and Clinical Predictors of PET parameters
The differences in demographic, clinical, and laboratory parameters between slow, average, and fast groups defined by D/P creatinine or UFV are summarized in Tables 1 and  2 , respectively. Patients with faster solute transfer rate were older; were more likely to be men; had prior treatment with hemodialysis; had diabetes, hypertension, or congestive heart failure; and had a lower residual kidney function. Put together, the demographic and clinical variables explained 8% and 3%, respectively, of the total variability in D/P creatinine and UFV. Faster solute transfer rate was also associated with lower serum albumin levels. However, there was no association between peritoneal solute transfer rate and the use of automated PD.
PET Parameters and Patient Outcomes
Over a median follow-up period of 15.8 months, 1178 individuals died, 2207 patients transferred to another dialysis modality, and 869 patients received a kidney transplant. While undergoing PD, patients were hospitalized at a rate of 1.20 per patient-year. There was a significant association of D/P creatinine with all-cause mortality and hospitalization rate in both unadjusted and adjusted models (adjusted hazards ratio for all-cause mortality per 0.1 unit higher, 1.07; 95% confidence interval, 1.02 to 1.13 and adjusted incidence rate ratio for hospitalization per 0.1 unit higher, 1.05; 95% confidence interval, 1.03 to 1.06) ( Figure 3 , Table 3 ). In contrast, UFV was significantly associated only with hospitalization rate and not all-cause mortality ( Figure 3 , Table 3 ). The same trends were evident in the sensitivity analyses, in which patients were ranked by the percentile rank for D/P creatinine and UFV (Supplemental Figures 1-3 ). Neither of the two parameters was associated with technique failure (Figure 3 ).
There was no significant effect modification with the cumulative center experience or initial treatment with APD (P value for interaction term .0.05). There was a significant interaction of treatment with APD at any time during follow-up with the association of D/P creatinine with mortality (P=0.01) and hospitalization rate (P,0.01) ( Figure 4 ). This indicates that there was a significantly higher risk for death or hospitalization in patients with higher D/P creatinine who were treated with continuous ambulatory PD compared with those treated with automated PD at any time during follow-up. There was no significant interaction of this variable for the association of any parameter with technique failure.
Comparison of Risk Prediction with Three PET Parameters
Using the Wald test, there was no significant difference in the hazards ratio or incidence rate ratio for the association of D/P creatinine, D/D0 glucose, or UFV with any outcome. With the adjusted survival model using D/P creatinine as the exposure as the base model, there was no improvement in risk prediction for all-cause mortality, technique failure, or hospitalization rate with the addition of D/D0 glucose, UFV, or both as tested using change in likelihood ratios (P values =0.64, 0.15, and 0.31, respectively).
Discussion
In this large and diverse cohort of patients undergoing PD, D/P creatinine was a robust predictor of all-cause mortality and hospitalization from among three PET parameters. To our knowledge, this study provides the first validation for the use of D/P creatinine to characterize the peritoneal barrier for risk prediction in individuals undergoing PD. Furthermore, unlike other studies, it shows that peritoneal solute transfer rate is consistently associated with all-cause mortality and hospitalization rate, even in patients undergoing automated PD. Geographic location, % Northeast Geographic location, % Northeast It has long been recognized that there is a large interindividual variability in the rate of transfer of solutes and water across the peritoneal barrier and that, in some individuals, these characteristics change over time (1, 11, 19, 20) . The variability in peritoneal solute (or water) transfer rate is important for a variety of reasons and includes individualizing PD prescription to improve patient outcomes and enhancing our understanding of peritoneal biology and pathobiology. Hence, it is critically important to determine which measure of peritoneal solute or water transfer should be used in population-based studies of patients on PD, such as those examining genetic associations or practice patterns. In this context, this study compared risk prediction with three different parameters obtained from the PET with 2.5% dextrose, the most widely used test in clinical practice. There was no significant difference in the risk prediction with the three parameters in the primary analyses, but the association of D/P creatinine with all-cause mortality and hospitalization rate was the most consistent across different analyses. Furthermore, adding D/D0 glucose, UFV, or both did not improve risk prediction with D/P creatinine alone. These analyses provide the first validation for using D/P creatinine from the PET for risk prediction. There are at least two potential reasons for the superiority of D/P creatinine for risk prediction. First, of the three parameters, D/P creatinine can be measured with the greatest precision, and UFV with PET is likely to have the greatest measurement error. The latter is, in part, because commercially available PD bags contain a larger volume of dialysate (overfill) than stated for flush before fill that is variable, which hence, contributes to the imprecision in measurement (21, 22) . Second, it is possible that the three PET parameters capture different biologic processes with different implications for patient health. It is important to acknowledge that, on the basis of the opinion of experts, the International Society for Peritoneal Dialysis recommends the use of 4.25% dextrose for the PET (2) . It is possible that UFV obtained from a PET done using 4.25% dextrose may provide better risk prediction. However, these issues were not examined in this study, have not been tested thus far, and remain speculative.
In addition to validating the use of D/P creatinine, our study showed that D/P creatinine is associated with meaningful patient-centered outcomes (all-cause mortality and hospitalization rate), even in individuals undergoing automated PD. This is in contrast to, among others, a metaregression of published studies and the findings from the recently published Global Fluid Study (15, 16) . In a metaanalysis of 19 published studies, the summary mortality relative risk for each 0.1 higher D/P creatinine was 1.15, similar to the adjusted hazards ratio for this study. However, metaregression of published studies showed an inverse association between the mortality risk and the proportion of patients in the study undergoing automated PD (16) . Indeed, there was no demonstrable association between D/P creatinine and mortality in studies that included primarily patients undergoing automated PD (16) . Similarly, in the recently published Global Fluid Study (959 patients from 10 centers in the United Kingdom, South Korea, and Canada), there was demonstrable association between peritoneal solute transfer rate as measured by D/P creatinine and all-cause mortality only in prevalent patients; unlike this study, no such association was demonstrable in incident patients (15) . The difference between our results and the results of these studies and others is most likely related to a substantially larger sample size in these analyses that provided us with much greater statistical power. In that the sample size of this study is over 10-fold larger than that of the Global Fluid Study, data were obtained from 764 centers, and all measurements were made in a single central laboratory, our study also has greater external validity.
Several different mechanisms have been proposed to explain the association of peritoneal solute transport rate with patient-centered outcomes. They include a higher test with all-cause mortality and hospitalization rate stratified by initial (left panels) or ever treatment (right panels) with automated peritoneal dialysis (APD). There was a significant interaction of treatment with APD at any time during follow-up with the association of D/P creatinine with mortality (P=0.01) and hospitalization rate (P,0.01 each). This indicates that there was a significantly higher risk for death or hospitalization in patients with higher D/P creatinine who were treated with continuous ambulatory PD compared with those treated with automated PD at any time during follow-up.
prevalence of systemic inflammation, higher protein energy wasting, greater burden of comorbidity, or inadequate fluid removal with long dwells of continuous ambulatory PD in patients with faster peritoneal solute transfer rate (23) . The evidence for these postulated mechanisms has been inconsistent, and the emerging consensus seems to support the centrality of inadequate fluid removal in individuals with faster peritoneal solute transfer rate treated with continuous ambulatory PD (4). This argument has been bolstered by studies that have not been able to show association of D/P creatinine with all-cause mortality in patients treated with automated PD. Although our study may seemingly question that premise, such a conclusion would be premature. There was a significant interaction between treatment with automated PD and the association of peritoneal solute transfer rate for some of the outcomes. This suggests that the higher risk for adverse outcomes with faster peritoneal solute transfer rate could be partially mitigated with automated PD. Moreover, there is heterogeneity in automated PD prescriptions, particularly with management of the long-day dwell (such as number of exchanges or use of icodextrin), which has not been considered in this study or others. During the period of study, only 5%-8% of patients undergoing PD were treated with icodextrin. Although this could explain the differences between the results of our study and those from the Global Fluid Study, it is highly unlikely to be the cause for the difference with results of studies before the availability of icodextrin.
Despite its considerable strengths, the results of our study need to be interpreted in light of its limitations. The study included limited data on clinical characteristics at the time of start of PD, and as in all observational studies, there remains risk for residual confounding. However, like previous studies, demographic and clinical variables explain only a very small part of the variability in peritoneal solute transport rate, and the risk for residual confounding is low (24) . Data on measures of inflammation and measures of protein-energy wasting, such as subjective global assessment, were not available, and hence, we cannot exclude these mechanisms from the causal pathway for risk associated with faster peritoneal solute transfer rate. Finally, the analyses included data on D/P creatinine and UFV from the time of start of PD, because data for change in these parameters over time were not available for most patients.
In conclusion, data from a large contemporary cohort treated primarily with automated PD validate D/P creatinine as a robust predictor of outcomes in patients undergoing PD. These results make it imperative for us to better understand the biologic basis for interindividual variability and mitigate the change in peritoneal solute transport rate over time. Furthermore, it underscores the continued importance of identifying interventions to improve outcomes in patients on PD with faster peritoneal solute transport rate.
